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differences in hydrodynamic characteristics. If zooplankters can recognize these differences, they may be able to identify species, gender, age, activity, etc. of the animal that swam through the area before them. Our research addresses questions about these biological-physical interactions.
To distinguish between important fluid signals of mobile prey, predators, and mates, a copepod requires a detection system with morphological precision and acute physiological sensitivity. These crustaceans (1-10 mm long) must perceive small-scale fluid signals above a background of continuous fluid motion. Mechanoreceptive setae along the antennules enable the copepod to detect fluid flow.1 By bending setae, water flow is transduced into a neural signal and detected by the copepod (Yen et al. 1992 ). Transduction appears to be facilitated by microtubular structures ( (Yen et al. 1992) . A larger displacement elicits a greater number of impulses with shorter latencies, indicating possible coding for signal intensity (Yen et al. 1992 ). The ability of setae to exhibit graded responses to signals of different intensities (displacements) can be a physiological mechanism for Re selection of different sizes of prey.
As water is in constant motion, the setae on copepod antennules are subject to fluid motions of varying directions and speeds. However, the direction and speed of flow can be restricted by the setal structure and viscous forces. Setae follow flow in the distal direction better than in the proximal direction because the asymmetry in most setal sockets permits distal bends more easily than proximal bends (Boxshall et al. 1997) . Flow speeds are strongly attenuated by the viscosity of water. For physically-induced disturbances, viscosity reduces the water motion to eddies similar in size and speed to those created by moving copepods (Mann & Lazier 1991; Osborn 1996) . Further reduction of flow speeds occurs when the fluid approaches the boundary layer adjacent to a copepod. The elasticity of the chitin that forms the seta attenuates the speed of setal bends in response to fluid flow. Stiff or short setae buried in the boundary layers will experience smaller displacements than longer or more flexible or feathered setae. Given the diversity noted in the structure of setae (Huys & Boxshall 1991 To extend our understanding of perception by zooplankters, we need to identify and characterize the important signals that elicit specific responses and to determine how an animal can perceive a signal above the ambient levels of noise. These signals and background levels must be analysed at the time and space scales appropriate to the zooplankter sensors. This requires a definition of fluid dynamics at low to intermediate Re, a difficult realm to describe. Furthermore, in order to evaluate the sensitivity of a zooplankter to certain cues, these signals must be simulated to identify the behavioral response elicited.
Fluid flow generated whenever zooplankters move through water has a characteristic species-specific structure, quantifiable by the Re of the fluid movement, the direction of the velocity gradient created by the animal movement, the frequency distribution, and the intensity of energy dissipated in the fluid. Strickler visualized (see Kerfoot et al. 1980 ) the fluid signature or "footprint" that different zooplankters shed. These small-scale signals are transmitted through the medium, carrying information about their propagator. Other zooplankters respond to the water-borne signals by aggregating, escaping, capturing, mating. What is the nature of these signals? How are they created and transmitted? To what signal strength and temporal/spatial character do the zooplankters respond?
Here we describe the structure of some fluid disturbances generated and perceived by copepods. As was the purpose of this symposium, we show how video techniques helped us understand invertebrate feeding biodynamics. Color figures illustrate how optical techniques coupled with videography revealed hydrodynamically conspicuous signals generated by copepods moving through seawater. These techniques allowed us (a) to visualize the structural features of the small-scale (<1 cm) fluid motion and (b) to quantify the kinematic nature of the fluid disturbances, including the velocity gradient, frequency, and duration. We discuss how the fluid flows were analysed and confirmed as relevant signals by assaying the behavioral and physiological responses of copepods to these disturbances.
For most examples, we use the pelagic marine copepod Euchaeta rimana BRADFORD 1974, a subtropical carnivore that captures mobile prey. We present evidence that E. rimana can generate and detect 3 distinct fluid disturbances: feeding currents, oscillations, and wakes. This copepod can detect water flow with mechanosensitive distal setae (Yen et al. 1992; Lenz & Yen 1993 ), a paired 4-point array of proximal setae (Yen & Nicoll 1990) , and other setae on the antennules. The array comprises two straight setae (on antennular articles 3 and 13) that project anteriorly and two curved setae between them (on articles 7 and 8) that project above and below the plane of the antennule and then curve anteriorly. The setae are oriented to detect three orthogonal components of fluid velocity. Euchaeta rimana and its congeners use these sensors to detect and consume certain copepods and fish larvae, showing a high degree of responsiveness to variations in prey size, concentration, type, and movement (Yen 1982 (Yen , 1983 (Yen , 1985 (Yen , 1988 (Yen , 1991 . Congeners select prey similar in size to the second basipodal article of its maxilliped, the food-catching appendage. However, when offered prey of the preferred size, they will capture more of the continuously swimming Pseudocalanus sp. than the intermittently swimming Acartia clausii (Yen 1985) . Also, they will eat only live, mobile prey (Yen 1982) . Feeding rates do not change even when crushed prey juices are added to mask the chemical signals, and feeding rates are higher in the dark than in the light (Yen 1982 Euchaeta rimana and its congeners are lipid-rich biomass dominants in several aquatic habitats, important in the marine food web and found often in the diet of fishes. We present here a study of how this species creates fluid signals that dissipate quickly enough to avoid detection by prey or predators yet remain distinct enough to allow mate recognition. An understanding of signaling processes of this dominant copepod may provide the framework to ask whether other, less abundant species-confined in time to seasonal peaks in abundance, or confined in space to lowenergy 'quiet' habitats (the deep sea) or high-energy 'noisy' regimes (coastal waters)-are so limited because of suboptimal sensor acuity or hydrodynamic conspicuousness.
Methods
Velocity gradient of small-scale fluid flow. We used fixed-frame, 3-dimensional videography, based on the moveable frame design of Strickler (1985) , to track 20-[im particles entrained in fluid flow. Particles were illuminated by He-Ne laser (630 nm), and particle tracks were recorded in the 60 fields/s S-VHS video format. The x, y, z, t coordinates of the particles permitted analyses of fluid velocity. Over 1000 particle velocities were measured to reconstruct the structure of the feeding current (for details, see Fields & Yen 1993) .
Frequency of appendage movements. The speed of the rapid movements of copepod limbs was estimated from kinematic analyses of high-speed films taken at 500 fps (Strickler 1977 (Strickler , 1984 Alcaraz & Strickler 1988 ).
Visualization of copepod wakes. Visualization of fluid disturbances generated as copepods moved through a smooth density gradient was accomplished using a Schlieren optical path (Strickler 1975a Copepod collection and maintenance. Surfacedwelling E. rimana and deepwater Pareuchaeta sp. were collected from subtropical seas off Hawaii at the Natural Energy Laboratory of Hawaii Authority (NEL-HA) via an Ocean Thermal Energy Conversion system of pipes, 0.5 meter in diameter with intakes at 30 m and 600 m (see Fields & Yen 1993) . Copepods thus collected are in excellent condition, with intact antennular and caudal setae. These lively copepods were used either immediately in the fixed-frame videography system or in the high-speed cinematography system that we set up at NELHA. Only fresh animals, tethered within a few hours to no longer than a few days after collection, were recorded. For the wake visualization of free-swimming copepods, copepods were collected at NELHA, placed in seawater-filled sealed plastic containers, and sent in insulated boxes directly by air cargo to the Strickler laboratory at the University of Wisconsin.
Results

Feeding current of Euchaeta rimana
The trajectory of particles entrained in the flow field of Euchaeta rimana is depicted in Fig. 1 Within the feeding current, the capture volume can be defined in part by the breadth of the extension of the predator's maxillipeds, which are the capture appendages ( Fig. 2A) . Within the capture volume, the orthogonal conformation of the 4-point array positions the setae to intersect flow from several directions. Oscillations of the streamlines can be perceived by setae parallel to the streamline and fluctuations in the speed of the flow in the direction of its advance (acceleration) can be perceived by the curved setae perpendicular to the streamlines. Outside the capture volume, most setae are aligned parallel to streamlines of the feeding current and are best for detecting side-to-side oscillations perpendicular to the long-axis of the seta (Tautz 1979) . Outside the feeding current, the distal tip of the antennule bears a tuft of setae of varying length, flexibility, and orientation. This tuft of setae can follow a range of flow speeds and directions. By extending the distal tip outside the self-generated feeding current, the strategically placed setal sensors can detect signals in fluid flow outside the animal's control. These include signals made by a predator's feeding current or by small-scale turbulence, for example.
By connecting points of equal speed, a map of the isotachs surrounding the copepod shows complexity in its hydrodynamic structure with strong definition ( 
Wakes of escaping copepods
As escaping copepods jump through water, they leave a hydrodynamically conspicuous wake. A freely swimming adult female of E. rimana (cephalothorax 2.4 mm long) jumped 3 times and each time, a toroidal vortex was shed (Fig. 3A) . A juvenile (cephalothorax 1.5 mm long) jumped 4 times, shedding vortices separated by 3 times their vortex radius (Fig. 3B) . Each time, a tiny vortex was created of the same sense (clockwise in this view). The adult stage created a series of vortices at a rate of 30 Hz (Fig. 3A) while the multiple vortices spun off the synchronized motions of the thrusting swimming legs and undulating body of the escaping juvenile had a frequency of -100 Hz (Fig. 3B) . The frequency of the swimming leg oscillations matches the dominant frequency of the animal's wake.
Wakes of freely swimming copepods
In the wake of a freely swimming individual of E. rimana, barely a trace is left in the water, as seen in both plan view (dorsal or ventral, By merging these two mathematical models, we could place the organized copepod current within the small-scale turbulence field and define conditions where turbulence can interfere, disrupt, or overwhelm the copepod feeding current. Such a model could examine the degree of organization the copepod's feeding current can impart to the unstable fluid motion of turbulence. Consideration also should be given to the persistence of these fluid structures. Using metabolic energy, the biologically-generated feeding current is relatively constant while the physically-induced eddies are transient and are constantly losing energy at this end of the Kolmogorov cascade. An ephemeral eddy may momentarily erode the feeding current but the copepod can rebuild it. The copepod can re-establish its familiar territory within a time interval proportional to the force of propulsion of the antennae driving the feeding current. The individual eddy will continue to dissipate and fade.
Prey-predator signals within the feeding current arena
A copepod's feeding current entrains signals. Odors that become entrained within the feeding current get stretched and sheared but stay within the streamlinesdiscrete in space, defined in velocity. A phycosphere, surrounding an algal cell, can be separated from the they try to escape. Weak hops translate the prey but they may become entrained again. Multiple hops of the escaping prey shed multiple jets in the wake. These jets disrupt the structure of the feeding current and intersect mechanoreceptive sensory setae along the antennules, giving information about the size, speed, and position of the prey hopping in the predator's feeding current. With this information, the predator can prepare to lunge suddenly and accurately toward the signal to capture the prey. Hence, the predator's feeding current serves another important function by provoking prey escapes whose jet-like wakes expose their presence. Jet-like fluid mechanical structures are known to elicit responses from mechanosensitive copepods . In response to weak jets, the copepod will flick its antennae, a response that can reorient the copepod. When the fluid deformation is of the same velocity and size as a natural wake of a preferred prey, the copepod will strike at the hydrodynamic signal. When the jet speed is further increased, the escape response is elicited. Observations of preypredator interactions between the copepods Acartia fossae and E. rimana show that contact does not elicit the capture response; only when A. fossae jumps away, shedding a wake against the setae of the predator, does E. rimana strike with its maxillipeds (Yen, unpubl.
obs).
The feeding current created by a hovering copepod differs in hydrodynamic pattern from the flow field surrounding a free-swimming copepod. When the hovering copepod creates its feeding current, information contained in the cone-shaped volume of water anterior to the copepod is brought past the proximal sensors of the antennules within the central capture region (Fig.  4A) . Remaining still in the water and allowing the me-dium to flow past its sensors, this copepod practices Eulerian averaging of the information input of the medium. For the free-swimming copepod, a column of water anterior to the copepod intersects the array of sensors of the antennules as the copepod moves through the water, now practicing a Lagrangian approach to information gathering (Fig. 4B) .
Observations suggest that when signals (such as prey) are abundant, E. rimana tends to hover (M. H. Doall and J. Yen, unpubl. obs.). In a food-rich patch, the copepod may hover, scanning the water in close proximity. When the local environment is sparse in food, the copepod swims, seeking food and scanning a volume that projects farther ahead of the copepod than when hovering. Free-swimming may increase encounter rate and serve as the search strategy when food is scarce. These two strategies can adjust the encounter rate of the predator with its prey. Gerritsen & Strickler (1977) proposed an encounter rate model indicating that at different relative swimming speeds, planktonic prey and predators would encounter each other at different rates; fast predators would encounter slow prey while slow predators were more likely to encounter fast moving prey. Their model predicts differences in encounter rate for swimming versus hovering copepods. By adding turbulence (Rothschild & Osborn 1988 ) and/or random walk (Yamazaki et al. 1991 ) to this type of encounter model, an increase in encounter probability is predicted. However, little consideration was given to how behavioral responses such as perception are affected by increased fluid motion. Encounter rate in these models is extremely sensitive to slight changes in perceptual abilities. Better estimates are needed of perceptual volume to improve predictions of prey-predator interactions.
Wake structure and intensity
The wakes of a hovering versus swimming versus jumping copepod are different. When a hovering copepod generates its feeding current, the minimum in the velocity gradient occurs near the distal tip of the antennule, demarcating the lateral limit of the feeding current in this region. The hovering copepod pulls in and expels a cloud of fluid. In contrast, in the wake of the freely swimming copepod, the null point occurs more proximal to the tip of the antennule. The swimming copepod leaves barely a trace in the water. As remarked in Yen et al. (1991) , a steep velocity gradient minimizes the extent of the hydrodynamic disturbance generated by the copepod, thereby minimizing its conspicuousness. Predators are less likely to encounter the fluctuations caused in the natural flow by the presence of the copepod. For the freely swimming copepod, as the animal generates its flow, it advances into the area from which the water is taken. The flow field is constructed in such a way as to effectively conceal most of the copepod's body: the high velocity zone is directed by the antennal exopods over the body part of most curvature and the inflow of the feeding current matches the forward swimming movement, resulting in a quiet wake. Only the distal tips of the antennules and caudal setae reveal the path. Such wakes of swimming calanoids dissipate ten times faster than the wakes made by hopping cyclopoids (Strickler 1975a ). The flow field is not only shaped so that the sensors are useful, but trimmed to minimize the disturbance.
When an animal moves through water, it creates a disturbance in the fluid. When an animal moves more quickly through water, the energy it leaves in the water is greater, and the fluid pattern persists longer. An escaping copepod moves faster (35-1000 mm s-1) than a swimming copepod (1-10 mm s-1) and hence sheds an intense wake of opposite momentum to the escape. At 1 m s-1, the copepod has a Re of 2000. The copepod thus moves from a laminar regime where viscous forces are dominant into a transition zone where inertial forces become important. We can see in the patterns of the hydrodynamic disturbance that the wake of the quickly moving copepod becomes more turbulent.
In our study, the 30-Hz mushroom-shaped jets shed by the adult copepod looked very different from the trail of smaller circular vortices shed at 100 Hz by the juvenile copepod. The larger wake appears similar to the structure of a toroidal jet. In a study of laminar jet formation as controllable sources of momentum (Voropayev 1983), the vortex dipole is considered the simplest compact vortex structure that has momentum (Voropayev & Afanasyev 1992 Newbury (1972) found to correspond to the beat frequencies of the feeding appendages of certain copepods in their diet. More studies of how organisms acquire and respond to information are needed to improve our understanding of their sensory ecology (Dusenbery 1992) .
Information comes to these animals in different ways. For the lobster and crayfish, their chemical cues often are carried in turbulent plumes, resulting in a chaotic and patchy distribution of signals. It is difficult to follow an odor path to the source; sensors detect signals and monitor flow direction. In contrast, information content and signal transmission to the copepod, spider, and backswimmer have been simplified. In the low-Re regime of the copepod flow field, viscosity reduces turbulent motion into laminar shear. Signals, caught in the laminar feeding current, are perceived as a disruption of a defined pattern. Hence, the complexity of information flow to the copepod from the ambient fluid motion is simplified within the dynamic yet laminar feeding current. The spider does not monitor all signals in its surroundings, only those that vibrate the web, thus confining the information flow from the 3-dimensional environment to a 2-dimensional web. Similarly, by living at the air-water interface, the backswimmer detects signals only on a 2-dimensional plane. In these different ways for these different animals, the complexity of information content found in their natural surroundings has been reduced.
Conclusions
The velocity gradient defining the distinct hydrodynamic patterns found in the copepod feeding current, wake, and pulsed flow can change quickly over time and space. The copepod sensory system provides the tools needed to sense such small-scale flow containing both positional and temporal information. Separation between individual sensory setae and the tufts of setae at the distal tips of the antennules provide the copepod with the ability to measure shear at length scales as fine as tens of micrometers and up to 10 millimeters, respectively. Only 10 nm of displacement at 20 irm s-~ are needed to elicit a physiological response from the linear array of multidirected setae. Latencies of less than 10 ms in the reaction times of the neurophysiological response and phase locking to oscillations over 200 Hz indicate that copepods can respond to rapid changes in water motion. Copepods capture prey at reaction distances of 1-2 body lengths. Hence, the sensitivity of the sensors and the spacing, orientation, and morphology of the receptors permit sensing of water motion on the microscale. Copepod behavior can be used quantitatively as the criterion for detection of the hydrodynamic signal. Thus, copepods are useful not only as fish food but also as indicators of the structure of small-scale fluid motion.
The Re of the feeding current of copepods is less than 1. The Re of swimming by copepods is around 2-20. The Re of escaping is around 2000. The Re of these activities of copepods span an interesting transition zone, from a low Re, viscosity-limited realm to an intermediate-to-high Re, inertia-sensitive realm. Copepods have evolved to be just the right size (0.3-10 mm long) and speed to utilize the physical structure of water at this interface for their advantage. With the feeding current, copepods modify water flow around themselves, enhancing their perception of important cues. As a low-Re structure, the feeding current organizes flow into a neat laminar pattern to facilitate signal detection above the background noise. When copepods use the muscles in their antennules, legs, and urosome to initiate the rapid escape, they assume a streamlined form and are able to achieve speeds of 1 m s-1, shedding wakes in the form of jets and vortices. By studying copepods, perhaps we can learn more about the flow patterns of water at this poorly-understood transition zone between laminar and turbulent regimes.
